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Edited by Hans EklundAbstract The cellulose-binding domains (CBDs) of fungal cel-
lulases interact with crystalline cellulose through their hydropho-
bic ﬂat surface formed by three conserved aromatic amino acid
residues. To analyze the functional importance of these residues,
we constructed CBD mutants of cellobiohydrolase 1 (CBH1) of
the thermophilic fungus Humicola grisea, and examined their
cellulose-binding ability and enzymatic activities. High activity
on crystalline cellulose correlated with high cellulose-binding
ability and was dependent on the combination and conﬁguration
of the three aromatic residues. Tyrosine works best in the middle
of the ﬂat surface, while tryptophan is the best residue in the two
outer positions.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The genus Humicola is known to produce many kinds of
thermostable cellullases such as endoglucanases (endo-1,4-b-
D-glucanases; EGL, EC 3.2.1.4), cellobiohydrolases (exo-1,
4-b-D-glucanases; CBH, EC 3.2.1.91) and b-glucosidases
(1,4-b-D-glucosidases; EC 3.2.1.21), and some of Humicola cel-
lulase genes have been cloned and characterized [1–5]. Many
fungal CBHs and EGLs have characteristic domain structures,
consisting of a catalytic domain, a cellulose-binding domain
(CBD), and a ﬂexible hinge region between these two domains,
which is rich in Ser, Thr, and Pro residues [6–8]. The CBDs ofAbbreviations: CBD, cellulose-binding domain; CBH, cellobiohydro-
lase; EGL, endoglucanase; PNP, p-nitrophenol; PNPC, p-nitrophenyl-
b-D-cellobioside; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide
gel electrophoresis
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doi:10.1016/j.febslet.2007.11.068these enzymes are composed of less than 40 amino acid resi-
dues and they interact with cellulose through their hydropho-
bic ﬂat surface formed by conserved three aromatic amino acid
residues [9]. Deletion of the CBDs of Hypocrea jecorina (Trich-
oderma reesei) Cel7A (CBHI), Cel6A (CBHII), and H. grisea
CBH1 greatly reduced their enzymatic activity toward crystal-
line cellulose [10,11], indicating that the tight binding to cellu-
lose mediated by the CBD is necessary for the eﬃcient
hydrolysis of crystalline cellulose by these enzymes. As the
CBD interacts with cellulose through its hydrophobic ﬂat sur-
face formed by three aromatic amino acid residues, substitu-
tion of these aromatic amino acid residues by other amino
acid residues aﬀects its cellulose-binding ability and enzymatic
activities [9,12]. To examine this issue further, we constructed
CBD mutants of H. grisea CBH1, and analyzed their enzy-
matic properties. Here, we describe some of the enzymatic
properties of these mutants and functional importance of the
conserved aromatic amino acid residues in the CBD.2. Materials and methods
2.1. Strains, plasmids, and media
Aspergillus oryzaeM-2-3 (argB) was used as the host for expression
of the H. grisea cbh1 gene and its derivatives and the stock culture was
stored on DPY medium [13]. For fungal transformation, the H. grisea
cbh1 expression vector, pXB6-CBH1 [3] and its derivatives, and the
argB containing plasmid, pSal23 [14], were used. Czapek-Dox medium
was used for fungal transformation [13].
2.2. Generation of cellulose-binding domain mutants
To construct expression plasmids for each CBD mutant of H. grisea
CBH1, site-directed mutagenesis was performed by the method of
Kunkel [15] using a Mutan-K Kit (TaKaRa) and mutagenic primers
listed in Table 1. The obtained expression plasmids were used for the
transformation of A. oryzae [14]. For the production of recombinant
H. grisea CBH1 and its CBD mutants, A. oryzae transformants were
cultivated in CD-P medium for 4 days at 30 C [13], and produced re-
combinant enzymes were puriﬁed as described previously [11].
2.3. Enzyme assays
The enzyme activity toward Avicel was measured by incubating
50 ll of 1% Avicel suspension in 50 mM acetate buﬀer (pH 5.0) with
10 ll of the enzyme solution (10 lM) at 60 C for 2 h with shaking.
The reaction was stopped by adding 100 ll of the dinitrosalicylic acid
reagent [16] and boiled for 5 min, then cooled on ice and added 450 ll
of water. Then the absorbance at 510 nm was measured to estimate the
amount of reducing sugars released by above reaction using the linear
range of the calibration curve constructed by measuring a serial dilu-
tion of the known concentration of glucose solution as a standard.blished by Elsevier B.V. All rights reserved.
Table 1
Primers used for the generation of CBD mutants of H. grisea CBH1
Enzyme Mutation(s) Mutagenic primer Position
WWY Wild type (W494, W520, Y521)
WWW Y521W (1) 5 0-CAGGCACTGAGACCACCAGTCGTTGA-30 2433–2458
WYY W520Y (2) 5 0-GCACTGAGAGTAGTAGTCGTTGAGCT-30 2430–2455
WYW W520Y, Y521W (3) 5 0-ACAGGCACTGAGACCAGTAGTCGTTGAGCTTG-30 2428–2459
YWY W494Y (4) 5 0-GCCGCACTGCTGGTAGCGGCCAGCCT-30 2352–2377
YWW W494Y, Y521W (1) + (4)
YYY W494Y, W520Y (2) + (4)
YYW W494Y, W520Y, Y521W (1) + (3)
GWY W494G (5) 5 0-CACTGCTGCCCGCGGCCAGCC-3 0 2353–2373
WGY W520G (6) 5 0-GAGAGTACCCGTCGTTGAG-30 2432–2450
WWG Y521G (7) 5 0-AGGCACTGAGAGCCCCAGTCGTTGAG-30 2432–2457
WWF Y521F (8) 5 0-GCACTGAGAGAACCAGTCGTTG-30 2434–2455
WFF W520F, Y521F (9) 5 0-CAGGCACTGAGAGAAGAAGTCGTTGAGCTT-30 2429–2458
FFF W494F, W520F, Y521F (9) + (10) 50-GCCGCACTGCTGGAAGCGGCCAGCC-30 2352–2377
The nucleotide positions correspond to those of the GenBank Accession No. D63515. Note that all primer sequences are those of the complementary
strand. The substituted nucleotides are underlined.
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was measured by incubating 90 ll of 1.1 mg/ml PNPC solution in
50 mM acetate buﬀer (pH 5.0) with 10 ll of the enzyme solution
(10 lM) at 60 C for 30 min. The reaction was stopped by adding
100 ll of 2% Na2CO3 and the absorbance at 410 nm was measured
to estimate the amount of p-nitrophenol (PNP) released by above reac-
tion using the linear range of the calibration curve constructed by mea-
suring a serial dilution of the known concentration of PNP solution as
a standard.
The protein concentration of each enzyme sample was estimated
with a dye-binding assay kit (Protein assay kit, Bio-Rad) using the lin-
ear range of the calibration curve constructed by measuring a serial
dilution of the known concentration of c-globulin solution as a stan-
dard.
2.4. Binding experiments
An appropriate concentration of the enzyme (0.05–0.3 lM) was
mixed with 1 mg/ml cellulose (Avicel) suspension in 50 mM sodium
acetate buﬀer (pH 5.0) and incubated at 4 C for 2 h by vigorous shak-
ing. The cellulose-bound enzyme was separated by centrifugation. The
concentration of non-bound enzyme was determined with a dye-bind-
ing assay kit as described above. The amount of the cellulose-bound
enzyme was calculated from the diﬀerence between the initial enzyme
concentration and the non-bound enzyme concentration. To estimate
the cellulose-binding ability of each CBD mutant, the relative aﬃnity
constant Kr was estimated from the limiting slopes of the double reci-
procal plots of adsorption data as described in [12].
2.5. Three-dimensional structure modeling
The construction of three-dimensional structure model of the H. gri-
sea CBH1 CBD was performed using the Automated Protein Model-
ing program released by the Swiss-Model Server (http://swissmodel.
expasy.org//SWISS-MODEL.html), with the three-dimensional struc-
ture of the H. jecorina Cel7A CBD [17] as a basis for the H. grisea
CBH1 CBD model. The three-dimensional structure models were visu-
alized using the RasMol Program (http://www.umass.edu/microbio/
rasmol/).3. Results and discussion
3.1. Construction of the CBD mutants
The H. jecorina Cel7A CBD has a wedge-shaped irregular b-
sheet structure with a hydrophobic ﬂat surface formed by three
tyrosine residues (Y466, Y492, and Y493 in Fig. 1a) [17]. Be-
sides the three tyrosine residues, asparagine (N490) and gluta-
mine (Q495) residues on the hydrophobic surface of the CBD
are considered to serve as anchors and they stabilize the inter-
action between the CBD and cellulose. It has been reportedthat mutations in these anchoring amino acid residues aﬀect
cellulose-binding ability and enzymatic activity [18].
We constructed a three-dimensional structure model of the
H. grisea CBH1 CBD using the H. jecorina Cel7A CBD struc-
ture as a template. As shown in Fig. 1b, the predicted structure
also has a hydrophobic ﬂat surface formed by three aromatic
amino acid residues (W494, W520, and Y521) with anchoring
asparagine (N518) and glutamine (Q523) residues. These struc-
tural features of fungal CBD seem to be highly conserved judg-
ing from their amino acid sequences (Fig. 2). As shown in
Fig. 2, there are several combinations of three aromatic amino
acid residues. In most cases, the ﬁrst aromatic amino acid res-
idue (the most N-terminal) is tyrosine or tryptophan, the sec-
ond is also tyrosine or tryptophan but sometimes
phenylalanine appears, and the third (the most C-terminal) is
tyrosine. It may be possible that the diﬀerences in these aro-
matic amino acid combinations are directly related to the cel-
lulose-binding ability of each CBD [19], and also the enzymatic
activity toward crystalline cellulose. To elucidate this issue, we
constructed various types of CBD mutants of H. grisea CBH1
(Table 1 and Fig. 3), and analyzed their enzymatic properties.
3.2. Hydrophobicity of the CBD mutants
The CBD mutants produced by A. oryzae transformants
were puriﬁed by Phenyl Toyopearl hydrophobic column chro-
matography [11]. The elution volume of each CBD mutant was
summarized in Fig. 3a. It should be noted that the elution vol-
ume of the CBD deletion mutant, CBH1DCBD [11], was rela-
tively small compared to those of other enzymes, indicating
that the CBD is necessary for the strong hydrophobic interac-
tion with Phenyl Toyopearl resin for these enzymes. Other en-
zymes seemed to be eluted depending on the hydrophobicity of
each CBD. Among these enzymes, WWY (wild-type of H. gri-
sea CBH1), WWW, WYY, YWW were tightly bound to the
resin and eluted insuﬃciently, indicating that the hydrophobic-
ities of their CBDs are very strong. The CBDs of WYW and
WWF seemed to be less hydrophobic compared to those of
above enzymes, as these enzymes were eluted from the column
completely in a broad peak with a large amount of the elution
buﬀer. The hydrophobicities of other CBD mutants seemed to
be moderate judging from their elution volume. To decrease
the hydrophobic ﬂat surface area formed by three aromatic
amino acid residues of the CBD, one of these aromatic amino
Fig. 1. (a) The structure of H. jecorina Cel7A CBD. (b) The three-dimensional structure model of the H. grisea CBH1 CBD using the H. jecorina
Cel7A CBD structure as a template. In this study, the enzyme having this type of CBD is named as WWY according to the combination and order of
the three aromatic amino acid residues forming the hydrophobic ﬂat surface. The three-dimensional structure models of WYW-type CBD (c) and
YYW-type CBD (d) are also shown. To show ﬂatness of the surface structure formed by three aromatic amino acid residues, broken lines are
indicated.
Fig. 2. Alignment of the amino acid sequences of CBDs from fungal cellulases. The highly conserved amino acid residues are indicated by asterisks.
The three conserved aromatic amino acid residues are boxed.
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WWG. As expected, the elution volume of WGY was smaller
than those of other CBD mutants except CBH1DCBD, indi-
cating its weak hydrophobic interaction with the resin. But,
unexpectedly, the elution volume of GWY was nearly equal
to those of YYY and FFF, and the elution volume of WWG
was nearly equal to those of WFF, YYW, and YWY. These
results suggest that in some cases, the hydrophobic surfaces
formed by some combinations of two aromatic amino acid res-
idues can interact with the resin eﬃciently like those formed by
three aromatic amino acid residues.
3.3. Cellulose-binding ability and enzymatic activity of the CBD
mutants
Using the puriﬁed CBD mutants (Fig. 3b), we analyzed the
cellulose-binding ability and enzymatic activity of them. To
estimate the cellulose-binding ability of each CBD mutant,
the relative aﬃnity constant Kr was calculated [12]. The enzy-
matic activity toward crystalline cellulose (Avicel) of theseCBD mutants was also analyzed, and it turned out to correlate
well with the cellulose-binding ability (Fig. 4a). In short, the
enzymes exhibiting high cellulose-binding ability tend to show
high activity, whereas the enzymes with low aﬃnity to crystal-
line cellulose tend to show moderate or low activity.
Among these enzymes, GWY, WWG, and WGY, whose
hydrophobic ﬂat surface areas of the CBD are decreased by
glycine introduction, showed low Kr values and enzymatic
activity toward crystalline cellulose. It has been reported that
the mutation in the corresponding positions of H. jecorina
Cel7A CBD (Y466A, Y492A, and Y493A) also greatly reduces
the cellulose-binding ability [9]. These ﬁndings indicate that
unlike the interaction with Phenyl Toyopearl resin, the ade-
quate combinations of three aromatic amino acid residues
forming the ﬂat surface of the CBD are required for tight bind-
ing to crystalline cellulose. It should be also noted that
although the Kr value of WGY (1.74) is the lowest among
CBD mutants and is slightly larger than that of the CBD dele-
tion mutant, CBH1DCBD (Kr = 1.31), the presence of the
Fig. 3. (a) Schematic representation of the elution proﬁle of CBD
mutants by Phenyl Toyopearl hydrophobic column chromatography.
The elution volume (ml) of each CBD mutant is indicated in
parentheses. (I) CBD deletion mutant. (II) CBD mutants with
moderate hydrophobicity. (III) CBD mutants with strong hydropho-
bicity and eluted from the column in a broad peak. (IV) CBD mutants
with very strong hydrophobicity and eluted from the column insuf-
ﬁciently. (b) SDS–PAGE of the puriﬁed CBD mutants.
Fig. 4. (a) The correlation between aﬃnity and activity on crystalline
cellulose of each CBD mutant is shown. On the x-axis, the cellulose-
binding ability of each CBD mutant is indicated by the relative aﬃnity
constant, Kr value. On the y-axis, enzymatic activity of each CBD
mutant toward crystalline cellulose (Avicel) was indicated. The
concentration of produced reducing sugars estimated by the dinitro-
salicylic acid method was shown. (b) Enzymatic activity of each CBD
mutant toward PNPC was measured. The concentration of produced
p-nitrophenol (PNP) was shown. Measurements are the average of a
duplicate assay.
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much crystalline cellulose compared to CBH1DCBD. This
indicates that the WGY-type CBD is still functional in the
hydrolysis of crystalline cellulose.
Interestingly, the Y521W mutants (WWW, WYW, YWW,
and YYW) always showed decreased aﬃnity and activity to-
ward crystalline cellulose compared to the corresponding
Y521-type enzymes (WWY, WYY, YWY, and YYY, respec-
tively). In particular, the Kr values of WYW and YYW were
greatly decreased, although their CBDs contain three aromatic
amino acid residues involved in forming the ﬂat surface unlike
glycine-introduced mutants. These types of CBDs have not
been found among so far cloned fungal cellulases, suggesting
that something is wrong with the spatial arrangement of these
aromatic amino acid residues for tight binding to cellulose.
Analysis of the NMR-based three-dimensional structures of
H. jecorina Cel7A CBD mutants revealed that the replacement
of the corresponding tyrosine residue with alanine disturbs the
ﬂat surface structure as well as the spatial arrangement of
anchoring asparagine and glutamine residues and weakens
aﬃnity toward crystalline cellulose [20]. Therefore, it is likely
that the introduction of a bulkier indole sidechain of trypto-
phan into the conﬁned space in the middle of the ﬂat surfacefor the tyrosine sidechain would disturb the structure and
make the surface less ﬂat. The three-dimensional structure
model of the WYW-type CBD suggests the tilted sidechain
of W521 and disturbed ﬂat surface structure (Fig. 1c). In the
case of the YYW-type CBD, the signiﬁcantly tilted sidechain
of W521 and the spatially detached sidechain of Y494 from
the ﬂat surface are predicted (Fig. 1d). These structural
changes would be highly related to the low cellulose aﬃnity
of WYW and YYW. Among three aromatic amino acid resi-
dues forming the ﬂat surface of CBD, the most C-terminal
tyrosine is highly conserved (Fig. 2), which is considered to
be located in the middle of the ﬂat surface (Fig. 1a and b). To-
gether with our results, these indicate that tyrosine works best
in this position, while tryptophan is suitable for the two outer
positions in the ﬂat surface of CBD.
The phenylalanine-substituted mutants WWF, WFF, and
FFF have comparable binding ability to the corresponding
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YYY, respectively. But their enzymatic activity toward crystal-
line cellulose was slightly lower than that of the corresponding
tyrosine-substituted mutants. It is likely that phenylalanine
and tyrosine interact with cellulose similarly at low tempera-
ture (4 C, binding assay condition), but its interaction of
phenylalanine may be more unstable than tyrosine at high tem-
perature (60 C, enzyme assay condition) because of the lack
of an aromatic-OH group, which contributes to the stability
of the hydrophobic ﬂat surface by forming a hydrogen bond.
Therefore, the phenylalanine-substituted mutants could not
bind so tightly to crystalline cellulose at high temperature com-
pared to the corresponding tyrosine-substituted mutants, and
this could cause the decrease of enzymatic activity toward crys-
talline cellulose. In the natural world, many fungal cellulases
adopt tyrosine rather than phenylalanine as the components
of three aromatic amino acid residues forming a hydrophobic
ﬂat surface of the CBD.
Each of these CBD mutants exhibited comparable levels of
enzymatic activity toward PNPC (Fig. 4b). The slightly lower
activity of CBH1DCBD was also observed in the previous
study [11]. As PNPC is a soluble substrate, the tight interac-
tion between PNPC and CBD is not required for these en-
zymes to hydrolyze it eﬃciently. Therefore, mutations in the
CBD do not seem to aﬀect the enzymatic activity toward
PNPC. Although the PNPC activity of these CBD mutants
is comparable, one may notice that there is a small variation.
Since no modiﬁcation was made in the catalytic domain, these
mutants should exhibit the same level of the PNPC activity
ideally. This variation may be due to small errors in the pro-
tein concentration determination, because we estimated the
protein concentration by a dye-binding assay kit. Most pro-
tein dye-binding assays are inﬂuenced by the amount, type
and location of aromatic amino acid residues in the protein.
Each CBD mutant varies in aromatic amino acid composition
and may have slightly diﬀerent response to a dye-binding re-
agent.
It seems that the cellulose-binding ability of a CBD does not
necessarily correspond to its hydrophobicity. For example, the
total area of the hydrophobic surface of the WWW-type CBD
is the largest among analyzed CBD mutants, and this would be
highly related to its strong interaction with Phenyl Toyopearl
resin (Fig. 3a). But its cellulose-binding ability as well as its
enzymatic activity toward crystalline cellulose is lower than
some of other CBD mutants. The strong binding of a CBD
to crystalline cellulose would be achieved by the suitable com-
bination and conﬁguration of the three aromatic amino acid
residues forming the hydrophobic ﬂat surface that correctly
overlaps the ﬂat surface formed by glucose pyranose rings of
the crystalline cellulose [12,20,21]. Among analyzed CBD mu-
tants, WWY, WYY, YWY, and YYY-type CBDs actually ex-
ist in the natural world (Fig. 2), suggesting that the
hydrophobic ﬂat surface formed by these types of CBDs can
appropriately interact with the ﬂat surface formed by glucose
pyranose rings of the crystalline cellulose.
In this study, we have shown the importance of the con-
served aromatic amino acid residues in the CBD for the eﬃ-
cient hydrolysis of crystalline cellulose by fungal cellulases.
To utilize cellulose resources eﬃciently, cellulases exhibiting
strong activity would be needed. To create such cellulases by
protein engineering technique, improvement of a CBD would
be one of the eﬀective means.Acknowledgements: We wish to thank Dr. Katsuhiko Kitamoto for
generously providing the expression system for A. oryzae. This work
was performed using the facilities of the Biotechnology Research Cen-
ter, The University of Tokyo.References
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